Centrosomes are composed of a centriole pair surrounded by an intricate proteinaceous matrix referred to as pericentriolar material. Although the mechanisms underpinning the control of centriole duplication are now well understood, we know relatively little about the control of centrosome size and shape. Here we used interaction proteomics to identify the E3 ligase HERC2 and the neuralized homologue NEURL4 as novel interaction partners of the centrosomal protein CP110. Using high resolution imaging, we find that HERC2 and NEURL4 localize to the centrosome and that interfering with their function alters centrosome morphology through the appearance of aberrant filamentous structures that stain for a subset of pericentriolar material proteins including pericentrin and CEP135. Using an RNA interference-resistant transgene approach in combination with structure-function analyses, we show that the association between CP110 and HERC2 depends on nonoverlapping regions of NEURL4. Whereas CP110 binding to NEURL4 is dispensable for the regulation of pericentriolar material architecture, its association with HERC2 is required to maintain normal centrosome integrity. NEURL4 is a substrate of HERC2, and together these results indicate that the NEURL4-HERC2 complex participates in the ubiquitin-dependent regulation of centrosome architecture.
Centrosomes are composed of a centriole pair surrounded by an intricate proteinaceous matrix referred to as pericentriolar material. Although the mechanisms underpinning the control of centriole duplication are now well understood, we know relatively little about the control of centrosome size and shape. Here we used interaction proteomics to identify the E3 ligase HERC2 and the neuralized homologue NEURL4 as novel interaction partners of the centrosomal protein CP110. Using high resolution imaging, we find that HERC2 and NEURL4 localize to the centrosome and that interfering with their function alters centrosome morphology through the appearance of aberrant filamentous structures that stain for a subset of pericentriolar material proteins including pericentrin and CEP135. Using an RNA interference-resistant transgene approach in combination with structure-function analyses, we show that the association between CP110 and HERC2 depends on nonoverlapping regions of NEURL4. Whereas CP110 binding to NEURL4 is dispensable for the regulation of pericentriolar material architecture, its association with HERC2 is required to maintain normal centrosome integrity. NEURL4 is a substrate of HERC2, and together these results indicate that the NEURL4-HERC2 complex participates in the ubiquitin-dependent regulation of centrosome architecture. Centrosomes are composed of a pair of barrel-shaped, 9-fold symmetric centrioles, surrounded by a proteinaceous matrix collectively referred to as pericentriolar material (PCM). 1 Centrosomes are the major microtubule organizing centers in mammalian cells and participate in various cellular processes that include cell motility, mitotic cell division, and ciliogenesis. Proteomic characterization and protein correlation profiling established that the human centrosome is composed of over 100 proteins (1) . Understanding how this intricate array of proteins is organized into functionally distinct protein complexes that regulate various aspects of centrosome biogenesis, function, and architecture constitutes a major challenge. Centrosome biogenesis and function is tightly regulated during the cell cycle. Indeed, the single interphase centrosome must duplicate once and only once during the cell cycle such that two centrosomes are present in mitosis, with each centrosome organizing one pole of the bipolar mitotic spindle apparatus (2) . At the G 2 /M transition, the centrosome must undergo a maturation process where they dramatically increase in size and microtubule nucleation capacity to effectively organize both poles of the mitotic spindle (3) . Centrosome size and morphology varies surprisingly little from cell to cell within a given cell type. Recent work has provided much needed insight into the regulation of centrosome size. Indeed, centrosomin and SPD-2, two upstream regulators of centrosome biogenesis implicated in the recruitment of PCM, are limiting with respect to centrosome size, and their depletion results in a general and proportional decrease in centrosome size (4, 5) . However, it remains unclear how these and other proteins are regulated to impart centrosome size homeostasis.
Molecular & Cellular
One pervasive mode of regulation in cellular biology is via protein ubiquitylation (6) . Ubiquitylation is a reversible posttranslational modification where the small polypeptide ubiquitin is attached to proteins, most often via an isopeptide bond between the C terminus of ubiquitin and the -amino group of lysine residues on the target protein (6) . Ubiquitylation is a multi-step enzymatic process involving activation of ubiquitin by an E1 that promotes the transfer of ubiquitin onto an E2 through the formation of a thioester-linked intermediate. Ubiquitin is then conjugated to substrates via the E3 ligase, which acts primarily as a substrate adaptor (6) . There are two large classes of E3 ligases, the HECT (homologous to the E6-AP C terminus) domain class and RING-type ligases. HECT-type ligases form a thioester intermediate with ubiquitin, which they receive from the E2, and then transfer ubiquitin to substrates. In contrast, RING ligases act as adaptors that link substrates to the E2, without the formation of a RINGubiquitin intermediate (6) . Following the transfer of ubiquitin onto the substrates, the cycle of ubiquitin conjugation can be repeated to build ubiquitin chains. Because ubiquitin itself contains at least eight ubiquitin acceptor sites, multiple chain topologies can be formed (7) . Interestingly, ubiquitin linkage plays an important part in dictating the outcome of ubiquitylation. For example, lysine 48 (K48)-and K11-linked ubiquitin chains target proteins for degradation by the 26 S proteasome, whereas K63-linked chains are nondegradative and instead act as scaffolds to organize signaling pathways such as the NF-B network or the response to DNA damage (7, 8) .
Several aspects of centrosome biogenesis are controlled through ubiquitylation. The anaphase-promoting complex/cyclosome and the SCF complex (SKP1, CUL1, and F-box protein) are the two major E3 ligases involved in centrosome biology. First, the anaphase-promoting complex/cyclosome, together with its cofactor CDH1, induces the degradation of SASS6 upon exit from mitosis, thereby preventing centriole duplication until normal levels of SASS6 are restored (9) . It has been initially observed that the SKP1 and CUL1 subunits of the SCF localize to the centrosome and that they control its duplication (10) . Several F-box proteins including FBXW7, SKP2, FBXW5, and cyclin F have also been shown to specifically regulate centriole duplication through targeted degradation of their substrates cyclin E, p27, SASS6, and CP110, respectively (10 -13) . However, members of the HECT family of E3 ligases do not have any previously described function in the regulation of centrosome biogenesis. These examples serve to highlight the complexity of the regulatory network in place that is driven by ubiquitylation to effectively control the number of centrosomes present in the cell.
Here we used interaction proteomics to identify novel proteins that associate with CP110, a centrosome component implicated in various facets of centrosome biogenesis (14 -18) . We reveal the existence of a novel CP110-interacting protein complex composed of HERC2, a giant HECT-type E3 ligase, and NEURL4. HERC2 and NEURL4 are both associated with centrosomes, and depletion of either factor results in aberrant PCM morphology. These results identify new components of the CP110 interaction network and highlight a novel role for HERC2 ligase in the modulation of centrosome architecture.
EXPERIMENTAL PROCEDURES
Cell Culture-U2OS and MG63 cells were grown at 37°C in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 2 mM L-glutamine under 5% CO 2 in a humidified atmosphere and maintained using standard procedures. SaoS2 and HOS cells were grown at 37°C in McCoy's 5A medium containing 10% fetal bovine serum, 2 mM L-glutamine. All of the tissue culture reagents were from Invitrogen unless otherwise mentioned. Flp-In TM T-REx TM U2OS cells were generated as described previously (19) . The cells were cultured in media containing 1 g/ml blasticidin and 250 g/ml zeocin. Stable cell lines were maintained in presence of 1 g/ml blasticidin and 250 g/ml hygromycin. Exogenous protein expression was induced by 24 h of treatment with 1 g/ml tetracycline. U2OS cells expressing doxycycline-inducible HERC2 small hairpin RNA were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and supplemented with 1 g/ml puromycin and 5 g/ml blasticidin as described previously (20) .
RNA Interference and Production of Endoribonuclease-prepared siRNA-esiRNA was prepared as described previously using the primer pairs indicated in supplemental Table S4 (21) . The cells were transfected using Lipofectamine RNAiMAX (Invitrogen), according to manufacturer's recommendation (22) . 40,000 cells (U2OS, SaoS2, MG63, and HEK293T) per well were seeded into a 12-well plate and transfected the following day. Transfection complexes were prepared by combining 1.5 l of transfection reagent and 600 ng of esiRNA or 50 pmol of siRNA in 250 l of OptiMEM (Invitrogen). The final volume of transfection mix and plating medium was 1.5 ml. Firefly luciferase esiRNA and siGENOME nontargeting siRNA #1 (Dharmacon) were used as negative controls, depending on whether esiRNA or siRNA SMARTpools from Dharmacon were used for transfection (22, 23) .
Immunofluorescence and Microscopy-The cells grown on #1.5 glass coverslips were fixed in ice-cold methanol at Ϫ20°C for 10 min. To visualize F-actin, the cells were fixed in 4% paraformaldehyde in PBS for 10 min. After blocking in 0.2% (w/v) gelatin from cold water fish skin (Sigma) in PBS (PBS/FSG) for 15 min, the coverslips were incubated with primary antibodies in PBS/FSG at the following concentrations for 60 min: 1:1000 rabbit anti-NEURL4, raised against the N-terminal part of the protein (amino acids 1-484); 625 ng/ml mouse anti-HERC2 (BD Transduction Laboratories, 612366); 1000 ng/ml rabbit anti-pericentrin (Abcam, ab4448); 500 ng/ml mouse anti-NEDD1 (Abcam, ab57336); 1:500 rabbit anti-CENPJ (CPAP) (Proteintech, 11517-1-AP); 1:500 rabbit anti-CEP164 (Novus Biologicals, NBP1-77006); 1:2000 mouse anti-centrin-2 clone 20H5 from Dr. Jeff Salisbury (24); 1:2000 rabbit anti-centrin-2 from Erich Nigg (25); 1:5000 rabbit anti-CEP135 from Dr. Alex Bird (26); and 1:1000 sheep anti-GFP from Dr. David Drechsel (22) . Following a 15-min wash with 0.2% PBS/FSG, the cells were incubated in 4 g/ml of secondary antibodies for 30 min. The secondary antibodies used were: donkey antimouse, -rabbit, or -sheep IgG, conjugated to Alexa 488, Alexa 594, or Alexa 647 (Invitrogen) or donkey anti-sheep IgG conjugated to DyLight649 (Jackson Immunoresearch). The cells were subsequently stained with 50 g/ml DAPI to visualize DNA. To visualize F-actin, the cells were stained with 66 nM phalloidin, conjugated to Alexa647 (Invitrogen). After 20 min of washing with 0.2% FSG/PBS, the coverslips were mounted on glass slides by inverting them into mounting solution (ProLong Gold antifade; Invitrogen).
Sequential staining was performed for immunostaining with two rabbit antibodies (NEURL4 and CPAP, NEURL4 and CEP164). The cells were fixed and blocked as described, following by 60 min of incubation with anti-NEURL4 antibodies (1:1000). After a 15-min wash with 0.2% PBS/FSG, the cells were incubated in 8 g/ml of donkey anti-rabbit, conjugated to Alexa 594 for 60 min. After a 30-min wash with 0.2% PBS/FSG, the cells were incubated with mouse anti-centrin antibodies (1:2000) and either rabbit anti-Cep164 (1:500) or rabbit anti-CPAP (1:500) or PBS/FSG (negative control) for 30 min. After a 15-min wash with 0.2% PBS/FSG, the cells were incubated in 4 g/ml of donkey anti-rabbit conjugated to Alexa488 and 4 g/ml of donkey anti-mouse conjugated to Alexa647 for 30 min. The cells were stained with DAPI and mounted as described above.
Three-dimensional image data sets were acquired on an imaging system (DeltaVision Core, Applied Precision) equipped with an IX71 microscope (Olympus), a CCD camera (CoolSNAP 1024 ϫ 1024; Roper Scientific), and 60ϫ/1.42 NA or 100/1.4 NA Plan Apochromat oil immersion objectives (Olympus) using 1 ϫ 1 binning. Z stacks (0.2 m apart for each optical section) were collected, computationally deconvolved using the softWoRx software package (v4.0; Applied Precision) and shown as two-dimensional maximum intensity projections. Three-dimensional structured illumination microscopy was performed using DeltaVision OMX v3 (Applied Precision), equipped with 100ϫ/1.40 NA Plan Apochromat oil immersion objective (Olympus), EMCCD cameras (Cascade II 512 ϫ 512; Photometrics) and 405-, 488-, and 592.5-nm diode lasers. Images were collected and computationally reconstructed (27) . Maximum projected images for individual channels were aligned using Acapella software (version 2.18; PerkinElmer Life Sciences).
Quantitative Analysis of Digital Images-Fluorescence intensity of centrosome-associated proteins and pericentrin-containing filaments were carried out. Quantification of fluorescence intensity was performed on deconvolved, maximum projected Z-stacks acquired under nonsaturating conditions. Identical exposure times were used between different samples to ensure the linearity of the fluorescence measurements. Fluorescence intensities were measured using Volocity software (version 5.5.1 64 bit; PerkinElmer Life Sciences) in the pericentriolar region. A centriole mask was created using centrin as a marker of centrioles. To obtain a mask for the pericentriolar region, the centriole mask was expanded using two-pixel dilation. Fluorescence intensity values were measured and corrected for background intensity. Pericentrin-positive structures were segmented based on an adaptive intensity-based threshold. The border perimeter and bounding circle diameter of each detected object was then analyzed supplemental Fig. S1 . Segmentation was performed using Volocity software (version 6.0 64 bit; PerkinElmer Life Sciences).
Transfection and Generation of Lysates-10-cm diameter dishes of HEK293T or U2OS cells were cultured, and each dish was transfected with a total of 10 g of the indicated plasmids using the polyethylenimine method (28) . The cells were cultured for a further 36 h and lysed in 0.5 ml of ice-cold lysis buffer (50 mM HEPES, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% (w/v) Nonidet P-40, 10 mM sodium-␤-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 10% glycerol, 1 mM DTT, and complete protease inhibitor mixture. The lysis buffer conditions used for affinity purification followed by mass spectrometry (AP/MS) were described previously (29, 30) . For experiments investigating protein ubiquitylation, 5 mM N-ethylmaleimide (Sigma, E1271) was added to lysis buffer. Cell lysates were clarified by centrifugation at 4°C for 20 min at 26,000 ϫ g.
Generation of Stable Cell Lines-All of the inducible expression cell lines were generated using the Flp-In T-REx system (Invitrogen). These constructs were derived from the pcDNA5-FRT-TO-FLAG and pcDNA5-FRT-TO-eGFP vectors described previously (31) . Cells were co-transfected with these constructs and the pOG44 vector (expressing FLP recombinase) into the U2OS or HEK293 Flp-In T-REx host cell lines. Cells that had integrated the expression plasmid were selected with 200 g/ml hygromycin B for 2-3 weeks, and the colonies were pooled and maintained as described above.
Immunoprecipitation-0.5-1 mg of clarified cell lysates were subjected to immunoprecipitation (IP) with 2 g of CEP97, CP110, HERC2, or GFP antibody, which was conjugated to 5 l of protein G-Sepharose. For the FLAG IP, we used 5 l of FLAG-M2-agarose resin for each IP. The control reactions were performed in parallel, and we used protein G-Sepharose resin coupled to 2 g of either a mouse or rabbit IgG (depending on the antibody used). For the FLAG IP, the control IP was performed in parallel with 5 l of FLAG-M2-agarose resin in cells transfected with an empty vector. The IPs were carried out for 1 h at 4°C on a vibrating platform, the immunoprecipitates were washed twice with lysis buffer followed by two washes with in 50 mM Tris/HCl, pH 7.5, 0.1 mM EGTA, and 1 mM DTT. The immunoprecipitates were analyzed by immunoblotting using standard procedures.
Affinity Purification and Tandem Mass Spectrometry-Inducible FLAG-tagged NEURL4, CEP97, and CP110 and empty FLAG control HEK293 cell lines were generated using the Flp-In T-REx system (Invitrogen) as per the manufacturer's protocol and used for FLAG affinity purification. For HERC2, the affinity purification was performed with HERC2-specific antibody coupled to protein G-Sepharose resin as described above. In all cases, the purification was performed in biological replicates from ϳ100 mg of protein (harvested from 5 ϫ 150-mm confluent plates), essentially as described previously (32), with the following modifications: the lysates were precleared with 150 l of packed protein G-Sepharose beads for 3 h at 4°C; 125 units (total amount) of benzonase was added to lysis buffer prior to harvesting the cells; and the IP was performed using 75 l of packed FLAG-M2-Sepharose beads for 3 h at 4°C. The baits and associated proteins were eluted with ammonium hydroxide, lyophilized in a SpeedVac, resuspended in 50 mM ammonium bicarbonate (pH 8 -8.3) , and incubated at 37°C with 100 g of trypsin overnight. The ammonium bicarbonate was evaporated, and the samples were resuspended in HPLC buffer A (3% ACN, 0.1% formic acid) and directly loaded onto capillary columns (75-micron inner diameter; 13-cm length) packed in-house with Agilent Zorbax C18 reversed phase, 3.5 m particle size, and 300 angstrom pore size. MS/MS data were acquired in data-dependent mode (over a 2-h acetonitrile 2-40% gradient) on a ThermoFinnigan LTQ equipped with a Proxeon NanoSource and an Agilent 1100 capillary pump. Acquisition parameters were: one MS survey scan, followed by four MS/MS scans on the most abundant ions. Each species was sequenced twice (within 30 s) before being placed on a dynamic exclusion list for up to 90 s (exclusion list contains 60 species). Acquired RAW files were converted to mgf format using the recommended parameter from Thermo in the ProteoWizard tool (33) and searched with the Mascot search engine (version 2.2; Matrix Sciences, London, UK) against the human RefSeq database (release 42; 39125 entries searched) with a precursor ion mass tolerance of 3.0 and a fragment ion mass tolerance of 0.6. Methionine oxidation was allowed as a variable modification, and trypsin specificity (with two missed cleavages allowed) was selected. Search results were parsed into our ProHits LIMS system for further analysis (34) . Entries were parsed if they had a minimum peptide Mascot score of 35 and a significance threshold of p Ͻ 0.05; the option "require red bold" was also selected. Using these parameters yields an estimated false discovery rate of 2-3% against a target decoy database.
Scoring high confidence interaction partners was performed as follows: proteins detected in any of the six negative control runs were first eliminated from any subsequent analysis. Three of the control runs included data from control IP in HEK293 cells where rabbit IgG coupled to protein G-Sepharose resin was used. The other remaining control runs included data from IPs in HEK293 Flp-In T-REx cell lines expressing empty vector where FLAG-M2-agarose resin was used. Next, proteins that have been detected in Ն20% of all AP/MS samples analyzed in our laboratories (n ϭ 2080) were deemed frequent fliers and also eliminated (taken together, these filters removed ϳ400 proteins). The n ϭ 2080 is the total number of AP/MS samples analyzed that had their resulting hits deposited in the database of our institute. The AP/MS samples in the database were generated by multiple users and cover a number of different cell lines and experimental procedures. The resulting hits were further filtered by requiring a minimal protein Mascot score of 60 and at least two unique peptides per protein. We required the protein to have been detected in at least two of the three biological replicates with at least one of the baits to be included in the data set. Lastly, to increase the stringency of the data set, we further required that at least a total of 40 total peptides was detected for a given hit across the three biological replicates. Hits that passed these two last criteria were included in Table I (highlighted in bold font) and Fig. 1A . All of the interactions involving these hits were reported in supplemental Table S1 , whether they passed these last two filters with each bait or not. A list of unfiltered interactors as well as list of control contaminants can be found in supplemental Tables S2 and S3 , respectively. Our entire data set is available from the ProteomeCommons Tranche network (using hash key e0kXD9iSyxImyy/jdW4ACc5IirbFXnLhWoh7GvDiϩ z74DB3z3AUH3CYlMqQkmL1PosϩyKsN9aoSjA4kIoWPkpytxiKEAA AAAAAANmgϭϭ).
Generation of NEURL4 Antibodies and Other Antibodies-Rabbit polyclonal antibodies to NEURL4 were raised against GST-NEURL4 521-883 and GST-NEURL4 1-484 fusion proteins and were affinity-purified against MBP-NEURL4 521-883 or MBP-NEURL4 , respectively, as described previously (35) . Antibody production services were purchased from Covance (Denver, PA). All of the following antibodies were used at a concentration of 1 g/ml for immunoblotting unless otherwise indicated. NEURL4 (rabbit, generated in house; for immunoblotting anti-NEURL4 521-883 was used; for immunofluorescence anti-NEURL4 1-484 was used), CEP97 (rabbit, Bethyl Laboratories, A301-345A), CP110 (rabbit, Bethyl Laboratories A301-344A), HERC2 (rabbit, Bethyl Laboratories, A301-905A), ubiquitin (rabbit, Dako, Z0458), K48-ubiquitin (rabbit, Millipore, 05-1307), K63-ubiquitin (rabbit, Millipore, 05-1308), K11-ubiquitin (human, kind gift from Genentech) (36), ␣-tubulin (mouse, Calbiochem, CP06), FLAG (rabbit, Sigma, F7425), and GFP (goat) as previously described (22) .
Ubiquitylation Assays-The reaction was carried out as previously described (19) . Briefly, the assays were in a total volume of 25 l containing 50 mM Tris/HCl, pH 8.0, 1 mM DTT, immunoprecipitated HERC2 (from 1 mg of HEK293T WCE) still conjugated to protein G-agarose beads, 0.4 M UBCH5C (Boston Biochem), 0.0125 M E1, and 16 M ubiquitin (Boston Biochem). The reactions were initiated by the addition of 2 mM ATP, 5 mM MgCl 2 and performed on a vibrating platform at 30°C for 2 h. The reactions were terminated by the addition of 1ϫ SDS-PAGE sample buffer. The ubiquitylation reactions were assessed by subjecting the samples to immunoblot analysis with different ubiquitin antibodies.
RESULTS

HERC2 and NEURL4 Are Novel Interactors of CP110 -
Through its association with CEP97, CEP76, or CEP290, CP110 is a critical regulator of centrosome biogenesis (13, (15) (16) (17) (18) ). An interesting feature of CP110 function appears to be its association in different subcomplexes with distinct functions. Indeed, although CP110 in a complex with CEP97 negatively regulates centriole length, CP110 in a complex with CEP290 is required for ciliogenesis (15, 16) . These observations led us to search for additional CP110-associated proteins by AP/MS (22, 30, 32) . We generated a human embryonic kidney cell line (HEK293) stably expressing tetracyclineinducible FLAG-tagged CP110. Our mass spectrometry analyses confirmed previously known interactors of CP110 including CEP97, CEP290m and CEP76 (Table I, Fig. 1A, and  supplemental Tables S1-S3) (15, 16) . Importantly, we detected several putative novel interactors including the HECT domain and RLD 2 protein (HERC2) neuralized-like protein 4 (NEURL4), which were selected for further study (Table I, Fig.  1A, and supplemental Table S1 ). We did not follow up any further on the other interacting proteins detected, including SRGAP2, TBK1, PEC1, and KTN1, because our analysis revealed that they were not shared among the network of NEURL4-CEP97-CP110-HERC2. HERC2 is a 528-kDa protein that contains three RCC1-like domains and a C-terminal HECT domain required for its E3 ubiquitin ligase activity (37) . RCC1-like domains have been implicated in Ran-mediated nuclear transport and chromatin-based microtubule-nucleation (38, 39) (Fig. 1B, top panel) . Although the biological function of HERC2 has long remained elusive, HERC2 was recently shown to modulate the activity of the RNF8 ubiquitin ligase during the DNA damage response, using a noncatalytic mechanism (20) . In addition, HERC2 also regulates the levels of BRCA1 and XPA through ubiquitylation and proteasomal degradation (40, 41) . Most recently HERC2 was reported to be a member of the DNA replication fork complex (42) . NEURL4 belongs to a family of neuralized-like proteins whose function is not understood in mammalian cells. NEURL4 is composed of six tandem neuralized homology regions (NHR) that span almost the entire length of the protein (Fig. 1B,  bottom panel) . We note, however, that many of the mammalian proteins bearing NHR domains also contain an E3 ligase domain or suppressor of cytokines signaling domain (43) linking them to putative ubiquitylation-related functions in cells. However, NEURL4 does not appear to have an E3 ligase domain, making it unlikely that it functions as an E3 ligase. Furthermore, to this date the specific role of the mammalian and Drosophila NEURL4 and the function of its NHR domains remain uncharacterized. The presence of HERC2 and NEURL4 in our CP110 interaction network raised the possibility that centrosome biogenesis could be regulated through HERC2-dependent ubiquitylation.
To expand the CP110 interaction network, we subjected FLAG-tagged CEP97 and NEURL4 to AP/MS. In agreement with our CP110 interaction data, we identified CP110, CEP97, and HERC2 as NEURL4-interacting proteins (Fig. 1A , Table I,  and supplemental Table S1 ). In contrast, CEP97 pulled down CP110 but we failed to retrieve NEURL4 or HERC2 in these immunopurifications (Fig. 1A , Table I, and supplemental  Table S1 ). Because we were unable to produce full-length tagged HERC2 for AP/MS, we tested two commercial HERC2 antibodies for their ability to immunoprecipitate HERC2 (supplemental Fig. S2A ). Using the A301-905A anti-HERC2 antibodies, we immunopurified endogenous HERC2 from HEK293T lysates and analyzed HERC2 and associated proteins by mass spectrometry. Whereas we could readily detect NEURL4 peptides in the HERC2 immunoprecipitate, we were unable to detect peptides corresponding to CEP97 or CP110 (Fig. 1A , Table I, and supplemental Table S1 ). Collectively, these results suggested a tentative model where HERC2-NEURL4 and CP110-CEP97 form stable complexes that interact via NEURL4 and CP110. To validate the AP/MS results using an orthogonal approach, we generated antibodies against NEURL4 (supplemental Fig. S2B ) and used them to analyze CEP97, CP110, and HERC2 immunoprecipitates. We confirmed the interaction between endogenous NEURL4, CEP97, CP110, and HERC2 (Fig. 1C) . Identical results were obtained when transiently expressing FLAG-NEURL4 (supplemental Fig. S3A) .
To probe the dependences in this interaction network, we depleted CP110, CEP97, and HERC2 using esiRNA and assessed protein interactions in U2OS cells stably expressing inducible GFP-NEURL4 (Fig. 1D) . Consistent with our AP/MS results, we found that treatment with either CEP97 or CP110 esiRNA had little impact on the ability of HERC2 to associate with NEURL4 (Fig. 1D) . Furthermore, knockdown of CP110 severely impaired binding of CEP97 to NEURL4, confirming that CEP97 is bridged to NEURL4 via CP110. As previously reported, we also found that CEP97 depletion led to a decrease in CP110 and in turn decreased binding to NEURL4 (15) . None of the NEURL4-interacting proteins were detected in control immunoprecipitation with an empty vector (Fig. 1D) . Taken together, these data suggest that the HERC2-NEURL4 complex interacts with CP110-CEP97 via a NEURL4-CP110 interaction.
HERC2 and NEURL4 Localize to the Centrosome-The interaction between NEURL4, HERC2, and the known centrosome proteins CP110 and CEP97 prompted us to investigate whether NEURL4 and HERC2 also associate with centrosomes (14, 15) . By immunofluorescence, we observed distinct NEURL4 foci that co-localized in the vicinity of centrin positive structures, a core subdistal component of centrioles (24) The parameters used for the CP110, CEP97, NEURL4, and HERC2 interactions were: minimum number of unique peptides ϭ 2; maximum frequency across the database ϭ 20; minimum Mascot score ϭ 60; removed all hits detected in any one of control samples; included proteins detected in at least two-thirds of the biological replicates for each bait. The numbers listed in the columns for each bait represent the total number of peptides number for each hit. The bold font highlights those hits containing a sum of Ն40 total peptides number across the biological triplicates (labeled E1, E2, and E3 for experiments 1, 2, and 3) and were used to create Fig. 1A . The italic text highlights the total peptide number associated with the bait protein. Gene names are from NCBI Entrez Gene. Protein identifier is the NCBI gi identifier for the protein. The hits that were detected from the control samples were removed from this list. The control samples were as follows: three of the control runs included data from control IPs in HEK293 cells where rabbit IgG coupled to protein G-Sepharose resin was used. The other remaining control runs included data from IPs in HEK293 Flp-In T-REx cell lines expressing empty vector and FLAG-M2-agarose resin. ( Fig. 2A, top panel) . Further co-localization analysis with other centrosome markers revealed that NEURL4 overlaps more with CEP164 (Fig. 2C) , a component of distal appendages of mature centrioles (44) , suggesting that NEURL4 is predominantly localized to the mother centriole. A similar localization pattern was observed using GFP-tagged NEURL4 (supplemental Fig. S3, E and F) . NEURL4 labeling at centrosomes decreased upon NEURL4 RNAi, suggesting that the labeling observed was specific (supplemental Fig. S5, A and C) . We also observed noncentrosomal NEURL4 foci ( Fig. 2A, top  panel) , suggesting that NEURL4 not only localizes to the centrosome. We note that some of these noncentrosomal foci
FIG. 1. Identification of novel CP110 interacting proteins.
A, the interaction network for NEURL4, HERC2, CP110, and CEP97 was prepared using Cytoscape software (56 -58) . The parameters used for the indicated interactions were: minimum number of unique peptides ϭ 2; maximum frequency across the database ϭ 20; minimum Mascot score ϭ 60; Ն40 total peptide numbers; remove all hits detected in any one of control samples; included proteins detected in at least two-thirds of the biological replicates for each bait. The control samples were as follows: three of the control runs included data from control IP in HEK293 cells where rabbit IgG coupled to protein G-Sepharose resin was used. The other remaining control runs included data from IPs in HEK293 Flp-In T-REx cell lines expressing empty vector with FLAG-M2-agarose resin. The thicknesses of the connecting lines are proportional to the average number of total peptides associated with the interaction. The gray connecting lines indicate new interactions, whereas the blue connecting lines indicate previously reported interactions. B, domain structure of HERC2 and NEURL4. RCC, regulator of chromosome condensation (amino acids 514 -727, 2959 -3327, and 3952-4319); CYTOCH, cytochrome b 5 heme-binding domain (amino acids 1207-1283); ZF, zinc finger (amino acids 2702-2749); DOC, Anaphase-promoting complex, subunit 10 (amino acids 2759 -2930); HECT, homologous to the E6-AP C terminus (amino acids 4457-2794); NHR, neuralized homology region (amino acids 41-207, 317-484, 520 -686, 716 -884, 913-1086, and 1131-1294). C, endogenously expressed CEP97, CP110, and HERC2 were immunoprecipitated from HEK293T WCE with their own respective antibodies. As a control, IP was performed in parallel with a nonspecific rabbit IgG. Immunoprecipitated proteins were subjected to immunoblot analysis using the CEP97, CP110, HERC2, and NEURL4 antibodies. D, U2OS cells stably expressing GFP-NEURL4 were transfected with esiRNA targeting CEP97, CP110, HERC2, or luciferase (negative control). 72 h post-transfection, cells were harvested, and GFP-NEURL4 was immunoprecipitated using anti-GFP antibody (top panel). Right top panel, a GFP control IP was performed in U2OS cells expressing an empty vector and immunoblotted with GFP, CEP97, CP110, and HERC2 antibodies. The immune complexes were subjected to immunoblot analysis with CEP97, CP110, HERC2, and GFP antibodies. WCE were blotted as a loading control (bottom panel). The protein size (kDa) is indicated for each immunoblot. The nonspecific cross-reactive bands are indicated by an asterisk. C and D, HERC2 is a 528-kDa protein and runs as a very high molecular mass band, and there is no molecular mass standard in that region of the gel. IB, immunoblot.
were still present after NEURL4 depletion, indicating that a subset of these structures are due to nonspecific labeling or that they are stable enough to still be present after RNAi. Analysis of NEURL4 distribution at different stages of the cell cycle revealed that it associates with centrosomes during interphase but not during mitosis ( Fig. 2A, bottom panel) . We analyzed NEURL4 protein levels at different stages of the cell cycle and found them to be slightly increased during mitosis (supplemental Fig. S3B ). This suggests that the observed change in localization in mitosis is caused by the dissociation of NEURL4 from the centrosome. Similarly, we observed that HERC2 also associates with centrosomes, as judged by its localization in the vicinity of centrin structures (Fig. 2B, top  panel) . Further co-localization analyses with additional centrosome markers showed that HERC2 appears to predominantly label the proximal region of centrioles, based on its co-localization with CPAP ( Fig. 2D) (25, 45) . HERC2 labeling intensity at centrosomes was reduced upon HERC2 esiRNA treatment, indicating that the centrosomal localization observed was specific (supplemental Fig. S5, B and D) . Similarly to NEURL4, immunostaining with HERC2 antibodies was characterized by noncentrosomal foci. Notably, some of those foci do not represent HERC2-specific signal, based on immunostaining in HERC2-depleted cells (supplemental Fig. S5B ). Much akin to what we observed with NEURL4, HERC2 labeling at centrosomes was noticeably reduced during mitosis (Fig. 2B, bottom panel) . In over 100 cells in three independent experiments, 92 and 85% of cells display NEURL4 and HERC2 labeling at centrosomes, respectively. Taken together, these results suggest that a portion of NEURL4 and HERC2 localize to interphase centrosomes and that they appear to predominantly accumulate at the distal 5 m) . Both NEURL4 and HERC2 are absent from the centrosomes in mitosis (bottom panels). The insets are 2-fold magnifications of the outlined areas to better visualize the centrosomal regions. C, U2OS cells were sequentially labeled for NEURL4 (green) and CEP164 (red), followed by labeling for centrin (blue) and DNA (gray, DAPI). NEURL4 co-localizes with Cep164 to the distal appendages of mature centriole. D, U2OS cells were labeled for DNA (blue; DAPI), CPAP (red), and HERC2 (green). HERC2 co-localization with CPAP, a marker of the proximal region of centrioles (scale bar, 5 m). The insets are 2-fold magnifications of the outlined areas to better visualize the centrosomal regions. DAPI, 4Ј,6Ј-diamino-2-phenylindole. and proximal region, respectively. Furthermore, both proteins appear to lose their association with centrosomes during mitosis.
NEURL4 Knockdown Alters Centrosome Morphology-The CEP97-CP110 protein complex caps the distal ends of centrioles, physically restricting centriole length (15, 25, 45) . The depletion of either protein induces the formation of overly long centrioles (15) . Our finding that CP110 associates with a NEURL4, which in turn associates with HERC2, and the fact that both NEURL4 and HERC2 localize to centrosome led us to investigate whether they were also implicated in the regulation of centriole length. Consistent with previous results, we observed a high frequency of long centrin-containing structures in CEP97 or CP110 esiRNA-treated cells (supplemental Fig. S3, C and D) . However, no such increase was observed in cells depleted of NEURL4 and HERC2 (supplemental Fig. S3D ). Notably, both NEURL4 and HERC2 were localized to centrosome in cells depleted of CEP97 or CP110, suggesting that they are not required for the localization of NEURL4 and HERC2 to centrosome (supplemental Fig. S5, A and B) . Strikingly, however, we observed that NEURL4 and HERC2 depletion altered the morphology of pericentriolar material (Fig. 3A) . In particular, both NEURL4-and HERC2-depleted U2OS cells exhibited a high frequency of pericentrin-bearing filamentous structures, in sharp contrast to control-transfected cells that harbor more punctate centrosomes (Fig. 3, A and B) . Additionally these filamentous structures contained CEP135 but were devoid of ␥-tubulin, NEDD1, CPAP4, and centrin ( Fig. 3A and supplemental Fig. S4, C and D) . Filamentous structures were observed in ϳ30% of NEURL4-depleted cells and ϳ17% of HERC2-depleted cells, as opposed to Ͻ5% of control, CP110, or CEP97 esiRNA-treated cells (Fig. 3B) . To further characterize the pericentrin-containing filaments, we imaged the cells using structured illumination microscopy (27) . This allowed us to observe with higher spatial resolution fine details of the modifications in pericentriolar material architecture (Fig. 3C) . We have performed detailed morphometric measurements on centrosomes from control, NEURL4, and HERC2 RNAitreated cells. We found that the border perimeter and bounding circle diameter are both significantly increased upon NEURL4 and HERC2 knockdown (Fig. 3, D and E) . We investigated the effect of depleting NEURL4 in different cell lines including SaoS2, HOS, and MG63 and found that the frequency of pericentrin-bearing filaments was higher in SaoS2 cells (supplemental Fig. S4A ). These results suggest that different cell types have developed varying sensitivities toward NEURL4 depletion in terms of its impact on centrosome morphology.
Structure-function Analysis of NEURL4 -As a first step toward understanding the molecular basis of the role of NEURL4 in the regulation of PCM morphology, we generated tetracycline-inducible cell lines expressing GFP-tagged NEURL4 mutants lacking different pairs of NHR domains (Fig.   4A ). Protein expression analysis revealed that although GFP-NEURL4 ⌬NHR3-4 and GFP-NEURL4 ⌬NHR5-6 were expressed at levels that either approached or exceeded those of wild type, the NEURL4 mutant lacking the NHR1-2 region was expressed at much lower levels (Fig. 4A, bottom panel) , suggesting that the NHR1-2 region is necessary for protein stability. For this reason, we selected the ⌬NHR3-4 and ⌬NHR5-6 mutants for further analysis.
Importantly, the abnormal centrosome morphology imparted by depletion of NEURL4, using an esiRNA that targets the 3Ј-UTR of the NEURL4 mRNA, could be reversed by expression of an esiRNA-resistant GFP-NEURL4 transcript (Fig. 4B) . This latter result not only ensured specificity of the NEURL4 depletion phenotype but also enabled us to determine which regions of NEURL4 modulate the morphology of pericentriolar material. Using the same strategy as above, we found that although GFP-NEURL4 ⌬NHR3-4 rescued the phenotype caused by NEURL4 depletion, GFP-NEURL4 ⌬NHR5-6 did not. These results indicated that the NHR5-6 region is critical for the maintenance of centrosome architecture (Fig. 4B ). Considering our lack of efficient 3Ј-UTR reagents and full-length cDNA for HERC2, we instead validated the phenotype using two nonoverlapping esiRNAs (Fig. 3C ). Together these results suggest that the depletion of NEURL4 and HERC2 leads to a specific change in the organization of PCM.
Next, we tested whether deletion of different NHRs impaired the ability of NEURL4 to interact with its partners in co-immunoprecipitation studies. The deletion of the NHR3-4 region impaired the interaction of NEURL4 with CP110 and CEP97 but did not affect its ability to interact with HERC2. In contrast, the deletion of the region encompassing NHR5-6 abrogated binding to HERC2 (Fig. 4C) while retaining some association of NEURL4 with CP110 or CEP97. These results indicate that NEURL4 utilizes different NHR-containing regions for binding to HERC2 and CP110/CEP97 and further suggest that the interaction between HERC2 and NEURL4 is critical for modulating centrosome morphology, because the GFP-NEURL4 ⌬NHR5-6 mutant failed to rescue the NEURL4 depletion phenotype (Fig. 4B) .
In parallel, we also examined the subcellular localization of GFP-tagged NEURL4 mutants. Consistent with the rescue experiments, we observed that GFP-tagged NEURL4 and NEURL4 ⌬NHR3-4 both localized to centrosomes upon tetracycline induction in U2OS cells (Fig. 4D) . By contrast, NEURL4 ⌬NHR5-6 failed to localize to centrosomes and instead accumulated in discrete perinuclear structures (Fig.  4D) . Taken together, these results suggest that NEURL4 localization to the centrosome is independent of its ability to bind CP110 and CEP97, but it requires its NHR5-6-containing region.
NEURL4 Is Ubiquitylated, and Protein Levels Are Regulated by the Proteasome-The observation that GFP-NEURL4 ⌬NHR5-6 exhibited higher protein expression levels than wild type or NEURL4 ⌬NHR3-4 (Fig. 4, A and C) was particularly intriguing because all of the proteins were expressed from the same genomic location in the U2OS Flp-In cell lines. We surmised that the elevated expression of the NEURL4 ⌬NHR5-6 might be due to the loss of a regulatory mechanism that restricts its expression level. Given that the NHR5-6 region is necessary for the interaction with HERC2, an E3 ligase, we first examined whether NEURL4 steady-state levels were regulated by the proteasome. We treated the U2OS stable cell lines with the proteasome inhibitor MG132 (46) and monitored GFP-NEURL4 expression levels at various time points (Fig. 5A) . Although MG132 treatment caused a rapid increase in GFP-NEURL4 and GFP-NEURL4 ⌬NHR3-4 levels, followed by a decrease 24 h post-treatment, it had little to no FIG. 3 . NEURL4 and HERC2 regulate centrosome morphology. A, U2OS cells were transfected with siGENOME nontargeting siRNA #1, NEURL4 siRNA, or HERC2 esiRNA-2 and labeled for DNA (blue; DAPI), centrin (red), and pericentrin (green). The cells were imaged using conventional deconvolution microscopy. NEURL4 depletion caused abnormalities in pericentriolar material, shown in more detail in the insets. The insets are magnifications of the outlined centrosomal regions. Scale bars, 5 m. B, U2OS cells were transfected with luciferase (control), HERC2(1), HERC2(2), CP110, CEP97 esiRNA, or NEURL4 siRNA. The presence of pericentrin filaments was quantified 72 h post-transfection. The graph shows the averages Ϯ S.E. of the number of cells with pericentrin filaments, obtained in three independent experiments. At least 100 cells were analyzed under each condition. The increase in the number of pericentrin filaments is statistically significant. ***, p value Ͻ 0.0001. C, cells treated as described in A were imaged on a structured-illumination microscope. High resolution images of the centrosome regions reveal fine details of the filamentous structures, induced by NEURL4 or HERC2 depletion. Scale bars, 1 m. D and E, wild type and filamentous centrosomes were segmented, based on an adaptive threshold. The PCM border perimeter (D) and the PCM bounding circle diameter (E) of each detected object (see insets) were then analyzed. The increase in both parameters was highly significant. ***, p value Ͻ 0.0001. Cut-off for considering a centrosome as filamentous was set at 5 m for border perimeter and 2 m for bounding circle diameter. At least 30 centrosomes were measured in three independent experiments for each condition. DAPI, 4Ј,6Ј-diamino-2-phenylindole.
FIG. 4. Structure-function analysis of NEURL4.
A, schematic representation of the different deletion constructs generated for GFP-NEURL4 protein (top panel). Stable U2OS cell lines were generated that expressed each of these deletion constructs, and protein expression was confirmed by immunoblot analysis with the GFP antibody (bottom panel). B, U2OS cell expressing inducible GFP-tagged NEURL4 or NHR deletion mutants were transfected with luciferase esiRNA or esiRNA targeting the 3Ј-UTR region of NEURL4. Presence of pericentrin filaments was quantified 48 h after induction with 1 g/ml tetracycline (where indicated) and 72 h after RNAi transfection. The graph shows the averages Ϯ S.E. of the number of cells with pericentrin filaments, obtained in three independent experiments. At least 100 cells were analyzed under each condition. t test results comparing the indicated data sets are shown in the graph. *, p value Ͻ 0.05; **, p value Ͻ 0.001; ***, p value Ͻ 0.0001. NS, nonsignificant difference. C, U2OS stable cell lines expressing the GFP-tagged NEURL4, NEURL4 ⌬NHR3-4, and NEURL4 ⌬NHR5-6 constructs were induced for expression with 1 g/ml tetracycline for 16 -18 h before harvesting. The exogenously expressed GFP-NEURL4 was immunoprecipitated using GFP antibodies, and the immune complexes were subjected to immunoblot analysis with antibodies against GFP, HERC2, CP110, and CEP97 (left panel). A control IP was performed in parallel in U2OS stable cell lines expressing an empty vector. WCEs were immunoblotted with antibodies to the same proteins as well as the ␣-tubulin as a loading control (right panel). The control samples were WCEs from U2OS cell line expressing empty vector. HERC2 is a 528-kDa protein and runs as a very high molecular mass band, and there is no molecular mass standard in that region of the gel. D, U2OS cells expressing inducible GFP-tagged NEURL4, NEURL4 ⌬NHR3-4, and NEURL4 ⌬NHR5-6 were treated with 1 g/ml tetracycline for 48 h to induce expression. The cells were labeled for DNA (blue; DAPI), pericentrin (red), and GFP (green). Scale bars, 5 m. GFP-NEURL4 ⌬NHR3-4 is co-localized with pericentrin, whereas GFP-NEURL4 ⌬NHR5-6 is excluded from the centrosomal region. The insets are magnifications of the outlined regions. The protein size (kDa) is indicated for each immunoblot. DAPI, 4Ј,6Ј-diamino-2-phenylindole; IB, immunoblot.
effect on the levels of GFP-NEURL4 ⌬NHR5-6, which remained high at each time point. This result suggested that the NEURL4 ⌬NHR5-6 mutant might not be targeted to the proteasome. In further support of the possibility that NEURL4 is regulated by proteasomal degradation, we detected robust ubiquitylation of a FLAG-NEURL4 protein in HEK293T cells (Fig. 5B) . FLAG-NEURL4 is solely modified by K48-linked ubiquitin chains because immunoprecipitated FLAG-NEURL4 was labeled with a linkage-specific antibody against K48-linked chains but not with antibodies against K11-or K63-linked ubiquitin chains (Fig. 5C, left panel) even though all three antibodies could recognize their cognate-purified chains (Fig. 5C, right panel) . To determine which NHR domains of NEURL4 are required for ubiquitylation, we examined the ubiquitylation status of the various GFP-NEURL4 mutants. We observed that GFP-NEURL4 and GFP-NEURL4 ⌬NHR3-4 were ubiquitylated with K48-linked ubiquitin chains, but we failed to detect any ubiquitylation on GFP-NEURL4 ⌬NHR5-6 (Fig. 5D ). Considering our previous observation that the NEURL4 interaction with HERC2 is mediated through binding to the NHR5-6 region (Fig. 4C) , this result raised the possibility that NEURL4 is ubiquitylated in a HERC2-dependent manner. To test this hypothesis, we carried out in vitro ubiquitylation assays on the immunopurified NEURL4-HERC2 FIG. 5. NEURL4 is ubiquitylated in a HERC2-dependent manner. A, expression of the GFP-tagged NEURL4, NEURL4 ⌬NHR3-4, and NEURL4 ⌬NHR5-6 was induced with tetracycline in the U2OS stable cells lines. 24 h post-induction, the cells were treated with 10 M MG132. The cells were lysed at 3, 6, and 24 h post-MG132 additions. The protein levels of NEURL4 were determined by immunoblotting with the GFP antibody, and ␣-tubulin immunoblot was performed as a loading control. B, FLAG-NEURL4 protein was immunoprecipitated from HEK293T cells and immunoblotted with total ubiquitin antibody. As a control, we performed the experiment in parallel with cells transfected with an empty vector (right panel). C, left panel, as in B but immunoblotted with antibodies specific to K11, K48, and K63 ubiquitin chains. Right panel, 250 ng each of tetra-ubiquitin K48, tetra-ubiquitin K63, or di-ubiquitin K11 were subjected to SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with ubiquitin antibodies specific for K48, K11, or K63 ubiquitin chains. D, WCEs from U2OS cell lines stably expressing different GFP-NEURL4 constructs were subjected to immunoprecipitation using the GFP antibody. Immunoprecipitated proteins were analyzed by SDS-PAGE and immunoblotted with GFP antibody or ubiquitin antibody specific to K48 polyubiquitin chains. E, endogenously expressed HERC2 was immunopurified from U2OS cells using HERC2 antibody conjugated to protein G-Sepharose. Although the protein was still on the resin, UBE1, UBCH5c, and ATP were added to initiate the ubiquitylation assay. The assay was terminated by the addition of SDS buffer, and the eluted proteins were subjected to immunoblot analysis with antibodies against NEURL4 and HERC2. As a control, IP was performed in parallel with a nonspecific rabbit IgG. F, U2OS cells stably expressing doxycycline-inducible shHERC2 were transfected with FLAG-NEURL4. 96 h post-shHERC2 induction, the cells were lysed, subjected to FLAG-IP, and immunoblotted with antibodies against FLAG and total ubiquitin. As a control, the IP was performed in parallel with cells transfected with an empty vector. The efficiency of knockdown and loading controls are shown in the lower panel. The protein size (kDa) is indicated for each immunoblot. E and F, HERC2 is a 528-kDa protein and runs as a very high molecular mass band, and there is no molecular mass standard in that region of the gel. IB, immunoblot; Ub, ubiquitin; DOX, doxycycline.
complex by adding E1, the E2 UBCH5c, and ATP. We observed robust ubiquitylation of NEURL4 as indicated by a characteristic ATP-dependent accumulation of higher molecular mass species of NEURL4 (Fig. 5E) . Finally, to test whether HERC2 is necessary for NEURL4 ubiquitylation in vivo, we took advantage of a U2OS cell line containing a stably integrated doxycycline-inducible small hairpin RNA against HERC2 (shHERC2) developed by Bekker-Jensen et al. (20) . Using this cell line, we observed that depletion of endogenous HERC2 results in a dramatic decrease in FLAG-NEURL4 ubiquitylation, specifically K48-linked chains ( Fig. 5F and supplemental Fig. S4B ). Together, these results indicate that NEURL4 is ubiquitylated in a HERC2-dependent manner.
DISCUSSION
Using an AP/MS approach, we identified NEURL4 as a novel interactor of CP110 and confirmed previously known interactions between CP110, CEP290, CEP97, and, to a lesser degree, CEP76 (Fig. 1A , Table I, and supplemental  Table S1 ). Although depletion of CP110 and CEP97 leads to the formation of overly long centrioles, depletion of different CP110-interacting proteins yield clearly distinguishable phenotypes. Indeed, whereas CEP76 depletion induces centriole overduplication, CEP290 depletion perturbs primary cilia assembly (16, 18) . Here, we report that NEURL4 depletion does not cause the characteristic elongated centriole structures observed upon CP110 and CEP97 depletion in mammalian cells. Additionally, we did not detect major defects in PCM recruitment upon depletion of NEURL4, as was previously observed in Drosophila cells upon treatment with CEP97 and CP110 RNAi (47) . In addition, NEURL4 knockdown does not appear to have any effect on the centriole duplication cycle (data not shown). Instead, NEURL4 depletion alters centrosome morphology by inducing the appearance of filamentous structures that label for pericentrin and CEP135. Together, these results suggest that we have identified another CP110-interacting protein that regulates an additional facet of centrosome biogenesis.
Interestingly, analysis of PCM morphology revealed that the filamentous structures observed upon NEURL4 depletion do not contain components of the ␥-tubulin ring complex or its recruiting factor NEDD1 (supplemental Fig. S4 , C and D) (48 -52) . Considering the well established role of NEDD1 and ␥-tubulin ring complexes in microtubule nucleation, and our inability to detect major changes in the microtubule landscape of NEURL4 RNAi-treated cells (supplemental Fig. S6 ), it seems unlikely that the change in centrosome morphology observed following NEURL4 depletion affects the microtubule nucleation capacity of interphase centrosomes. The change in centrosome morphology also does not seem to noticeably alter the global architecture of the actin cytoskeleton (supplemental Fig. S6A ). It will be interesting to determine whether, during mitosis, when centrosomes are under increased mechanical stress, the NEURL4-associated morphological changes translate into spindle assembly defects or genome instability. This would be consistent with previous work suggesting that pericentrin and its associated proteins act as a scaffold for other centrosomal proteins (53) . Another possibility could be that NEURL4/HERC2 is implicated in the regulation of other centrosome-related processes. HERC2 has been implicated in the regulation of the DNA damage checkpoint and was shown to physically associate with ATM (Ataxia Telangiectasia Mutated), ATR (ATM-and RAD3-related), and DNA-PK (DNA-dependent protein kinase), three major regulators of the DNA damage response (20) . Interestingly, mutations have been identified in pericentrin that can cause Seckel syndrome through defects in ATR signaling (54) . It is therefore tempting to speculate that changes in centrosome architecture might modulate the kinetics of ATR-dependent DNA damage response.
The function of NEURL4 in modulating centrosome morphology appears to be dependent on its association with the giant HECT-type E3 ligase HERC2. Indeed, HERC2 depletion induced morphological changes in the PCM indistinguishable from those observed upon NEURL4 depletion. We have shown that both proteins localize to the centrosome, which is consistent with a role in maintaining centrosome architecture. Furthermore, the deletion of the NHR 5-6 region of NEURL4, which disrupts its interaction with HERC2, results in a protein that fails to promote wild type PCM morphology while at the same time uncoupling NEURL4 from its regulation by the proteasome. Together, the available data led us to propose a model by which the HERC2-NEURL4 complex regulates PCM architecture. Because it is possible that NEURL4 protein levels are key for this regulation, we tested the hypothesis that reducing HERC2 protein levels would stabilize NEURL4 protein levels by preventing its ubiquitylation and subsequent degradation. We found that HERC2 siRNA instead caused a reduction in NEURL4 protein levels (data not shown). Our interpretation of this result is that NEURL4 is more stable when present in a complex with HERC2 and that it is destabilized in absence of HERC2. This observation makes it difficult for us to unambiguously determine whether HERC2 ubiquitylation directly regulates NEURL4 protein level and suggests that HERC2-dependent NEURL4 ubiquitylation may serve a different purpose than regulating NEURL4 levels. One such possibility is that NEURL4 acts as a substrate adaptor for HERC2. This possibility is attractive given the presence of NHR domains in other E3 ligases and the observation that the levels of substrate adaptors of cullin-RING-ligases are also regulated by ubiquitylation (55) . In the future, it will be interesting to further explore this possibility because our results indicate that CP110 or associated proteins are unlikely to be the centrosomal targets of HERC2 activity. Nevertheless, to our knowledge, HERC2 is the first HECT family E3 ligase implicated in the regulation of PCM architecture.
